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Abstract 
Integration of lidar inversion is generally carried out in the more stable backward, from a reference altitude down to the ground, 
rather than the forward direction. Small fluctuation of the signal at such altitude may lead to unacceptable deviation in the 
inversion results, so lidar signal denoising is required ahead of the inversion procedure. Empirical mode decomposition (EMD) 
method has been applied to signal denoising and the clear first interval thresholded empirical mode decomposition (EMD-CIIT) 
method performs well in lidar noise reduction. The micro pulse lidar CE 370-2 data is used to illustrate the efficiency of the 
EMD-CIIT denoising method by comparing with the wavelet method. EMD-CIIT method shows significant advantages at lower, 
higher altitudes and the cloud layer of the lidar profile. These two methods have similar performance at the middle part of the 
lidar profile. EMD-CIIT method preserves useful sudden-change atmospheric features and reduces noise meanwhile. There is an 
obvious diurnal variation of the lidar data quality: higher during the night and lower during the day. The signal to noise ratio 
(SNR) of the EMD-CIIT denoised data is 30.56 ± 4.73 for the whole day, 27.59 ± 3.47 during the night and 35.25 ± 1.68 during 
the day. The reference altitude of lidar inversion should be set to about 12 km. It should not be higher than 11.5 km during the 
day; however, it has a maximum of 15 km during the night.  
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1. Introduction 
Nomenclature 
SNR                signal to noise ratio 
EMD                 empirical mode decomposition 
EMD-CIIT clear first interval thresholded empirical mode decomposition 
A lidar detects and identifies target objects such as atmospheric aerosols and clouds by emitting a laser beam. On 
the one hand, the laser intensity and the aerosol concentration decrease with the increase of the detection range; on 
the other hand, the lidar signal is contaminated by the background sun light and the dark current noise and thermal 
noise from the optical detection system. As a result, useful atmospheric features may be submerged in the noise. 
Noise reduction should be carried out to achieve high quality lidar data.  
Temporal and spatial smoothing is a simple and convenient way in signal denoising, which is done at the cost of 
reducing the resolution of the lidar data [1, 2]. Fourier transform and the wavelet transform perform better in noise 
reduction, but they have the main limitation of choosing priori basis functions based on experience [1, 3]. The lidar 
signal denoising method of Morille et al. [4] assume the distribution of the noise, which may result in an error in 
noise reduction.  
Huang et al. [5] put forward the EMD method for analyzing the non-linear and non-stationary data. EMD method 
can decompose any complicated data set into a few intrinsic mode functions (IMFs) based on the local characteristic 
time scale of the data itself without any assumption of the noise distribution. This method is introduced into the 
noise reduction of lidar signal by Wu et al. [1]. Zhang et al. [6] discarded the first IMFs as completely noise, which 
may remove useful sudden change atmospheric signal as well. Gong et al. [7] applied direct thresholding as in 
wavelet method, which may also result in error reduction. The EMD-CIIT method [8] is applied into the noise 
reduction of lidar signal by Leavor et al. [9]. EMD-CIIT method reduces the noise with the soft threshold method, 
which does not discard the IMFs directly. As a result, the EMD-CIIT method introduces fewer artifacts into the 
denoised signal, gains higher SNR and lower error, which enables the EMD-CIIT an applicable method in lidar 
signal noise reduction. 
We firstly illustrate the efficiency of the EMD-CIIT method by comparing with the wavelet denoising method. 
Then EMD-CIIT method is applied to denoise a large amount of the lidar data to research the diurnal variation of the 
lidar data quality.  Finally, SNR and EWR for the whole day, the daytime and the nighttime are provided.  
2. Methodology 
EMD-CIIT method is put forward by Kopsinis and McLaughlin [8]. Firstly, the original signal is decomposed 
into a few numbers of IMFs: 
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where ( )jh t% is the thresholded IMF,  jT is the soft threshold. 
Signal reconstruction can be generally given by: 
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where ( )x t% is the denoised signal, M1 and M2 determines the removal of IMFs. Refer to the literature of Kopsinis and 
McLaughlin [8] for detailed denoising steps of EMD-CIIT method.  
Lidar data is collected by the micro pulse lidar CE 370-2 at the Semi-Arid Climate and Environment 
Observatory of Lanzhou University (SACOL, 35.95° N, 104.13° E, 1965.8 m). The lidar includes a Q-switched 
frequency doubled Nd: YAG laser operated at 532 nm, has a blind zone of 180 m, a vertical range resolution of 15 
m, a maximum detection range of 30 km. Refer to the literatures of Zhang et al. [10] and Cao et al. [11] for more 
information of the micro pulse lidar. 
3. Results and analysis 
Denoising effect is generally examined by signal to noise ratio (SNR): 
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where pzc denotes the original and pzc' the denoised signal.  
 
Fig. 1. (a) The original, EMD-CIIT denoised and the wavelet denoised signal; (b) SNR of the EMD-CIIT method and the wavelet method. 
The efficiency of the EMD-CIIT denoising method is illustrated by comparing with the wavelet method. The 
denoising effect is analyzed at four altitude ranges. SNR of the EMD-CIIT method is much greater than that of the 
wavelet method below 6 km. The denoising performances of the two methods are similar at the range of 6~10 km. 
There is an aerosol (or cloud) layer at the range of 10~12 km. Wavelet method causes great signal loss while EMD-
CIIT method preserves this useful sudden-change atmospheric feature and reduces noise meanwhile. SNR of the 
wavelet method above 12 km decreases even less than 0, so the denoised signal cannot be used; SNR of the EMD-
CIIT method is generally larger than 3 and the denoised signal has much better quality. The EMD-CIIT method 
performs better than the wavelet method.  
In order to quantitatively investigate the lidar data quality, the EMD-CIIT method is applied to denoise the lidar 
data collected by the micro pulse lidar CE 370-2 at SACOL in April, 2007. The wavelet method is applied 
simultaneously as a comparison. 875 lidar profiles are available and 3 of them cannot be denoised because of the 
numerical calculation errors.  
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Signal with a SNR higher than 1 can be used in practice, since in this case the contribution from the signal is 
higher than the one from the noise [12]. So we set the altitude where two consecutive SNR goes below 1 to be the 
effective working range (EWR) of the lidar. SNR and the EWR of the denoised 872 lidar profiles are shown in 
figure 2.  
 
Fig. 2. (a) SNR of EMD-CIIT and the wavelet method; (b) EWR of EMD-CIIT and the wavelet method. 
SNR and EWR of the lidar signal shows obvious diurnal variation, higher during the night and lower during the 
day. SNR and EWR begin to decrease after the sunrise and reach their minimum at 13:00 and 12:00, respectively. 
Then both SNR and EWR begin to increase and they vary not too much during the night.  This shows that the lidar 
data quality is mainly affected by the background solar light. A reasonable explanation is that the lidar emitted laser 
wavelength is 532 nm, which is at the range of visible light. Wavelengths of solar light are mainly distributed at this 
range and light with similar wavelengths as the lidar emitted laser light are received by the lidar system.  
Table 1. Statistics of SNR and EWR (average ± standard deviation). 
 Whole day Daytime Nighttime 
SNR_EMD-CIIT 30.56 ± 4.73 27.59 ± 3.47 35.25 ± 1.68 
SNR_wavelet 22.65 ± 2.37 21.55 ± 2.14 24.38 ± 1.50 
EWR_EMD-CIIT (km) 11.78 ± 2.04 10.42 ± 1.18 13.94 ± 0.97 
EWR _wavelet (km) 8.94 ± 1.62 7.90 ± 0.97 10.58 ± 0.94 
Statistics of SNR and EWR are shown in table 1. SNR and EWR are greater while the standard deviations are 
smaller during the night. EWR values in the table help us to set the reference altitudes in lidar retrieval. Reference 
altitudes during the day should be no more that 11.5 km and reference altitudes during the night can reach a 
maximum of 15 km.  
4. Conclusions and discussions 
The efficiency of the EMD-CIIT denoising method is illustrated by comparing with the wavelet method. Except 
at the middle part of the lidar profile, where the two methods have similar denoising performance, EMD-CIIT 
method shows significant advantages at lower, higher altitudes and the altitude with cloud layer of the lidar profile.  
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A large of lidar data is used to investigate the data quality. There is an obvious diurnal variation of the lidar data 
quality: higher during the night and lower during the day. The signal to noise ratio (SNR) of the EMD-CIIT 
denoised data is 30.56 ± 4.73 for the whole day, 27.59 ± 3.47 during the night and 35.25 ± 1.68 during the day. The 
reference altitude of lidar inversion should be set to about 12 km. It should not be higher than 11.5 km during the 
day; however, it can reach a maximum of 15 km during the night. 
EWR at 12:00 even lower less than 8 km. On the one hand, background solar light adds to the noise; on the other 
hand, the cloudy lidar profiles are included in the lidar data, which cause the EWR to decrease. Further work should 
separate cloudy lidar profiles from the other lidar data. 
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